• Pedunculate oak (Quercus robur L.) acorns are recalcitrant so they are difficult to store. Therefore, deterioration in quality during storage may reduce seedling yield and quality. In an attempt to address this, the effects of drying and soaking treatments on acorn germination were assessed.
INTRODUCTION
The seed 1 of pedunculate oak (Quercus robur L) are "recalcitrant", which means that they are intolerant of desiccation and cannot be stored over more than about one winter without loss of seed viability (Gordon, 1992) . Therefore, pre-treatment and storage protocols that enhance germination and maintain viability of acorns are of interest to nurseries.
Seeds of the white oak group, of which pedunculate oak is a member, mature within one year (Suszka et al., 1996) . Acorns increase steadily in size as they mature and their colour changes from green to brown during this process. Abscisic acid (ABA) concentrations also change during maturation (Finch-Savage and Clay, 1994) . Acorns also lose water during maturation, with the most rapid decline occurring towards the end of maturation (Bonner and Vozzo, 1987) . Therefore, acorn maturity and moisture content (MC) at the time of harvesting may influence acorn storability.
While the seed of 'orthodox' species can be stored for years if dried to low MC, oak acorns cannot be dried to a low MC without losing viability (Gordon, 1992) . Acorns are usually shed at MC of 48-53% (Bonner and Vozzo, 1987) and are usually dried back to 40-45% MC before storage (Gordon, 1992) , mostly to help reduce fungal growth (Aldhous and Mason, 1994) . Acorn viability begins to decline if MC is reduced below about 40% (Poulsen, 1992) ; this is often considered the critical MC for acorn viability (Gosling, 1989; Suszka and Tylkowski, 1980) .
Since pedunculate oak seeds have to be stored at high (> 40%) MC to maintain viability, premature radicle emergence can be expected, particularly during storage at temperatures above freezing. Suszka and Tylkowski (1980) found that radicle emergence in pedunculate oak acorns did not occur during storage at -1
• C over one winter. It has been suggested that acorns of some species of the white oak group have only a weak epicotyl dormancy (Bonner and Vozzo, 1987) while others have suggested that the emergence of the radicle is restricted by the pericarp (mechanical dormancy) (Poulsen, 1992) , chemical inhibitors in the pericarp or possibly other factors (Bonner and Vozzo, 1987) . Jensen (2002) suggested that storage at 3 to 5
• C was necessary to break this epicotyl dormancy. However, Özbingöl and O'Reilly (2005) and Suszka and Tylkowski (1980) found that acorns germinated well after storage at freezing temperatures (down to -3
• C) suggesting that freezing might also help to overcome dormancy. In fact, Özbingöl and O'Reilly (2005) found that acorns had higher germination after 4 months than after 2 months storage at -3
• C.
The standard method, used operationally in Ireland and elsewhere in much of Europe, is to dry pedunculate oak acorns to about 40-42% MC for storage (Gordon, 1992) . However, Özbingöl and O'Reilly (2005) demonstrated that soaking acorns that had previously been dried for storage improved laboratory germination, but it was unclear if the beneficial effect of soaking was a result of increasing acorn MC or other effects. In addition, it was unknown if acorns that were harvested at high initial MC (i.e. not dried back) would have high germination potential. Therefore, four seed pretreatment methods were used in this study to determine which factor improved germination. Since acorns lose water during maturation, the response may vary with maturity state and MC at the time of harvesting. Harvest date may also have implications for nursery operations. If high MC is the main factor improving poststorage germination, it may be feasible to harvest the acorns when MC is high, thus avoiding the need for soaking. The main aim of this study was to determine if soaking improved germination through acorn MC effects or through other means and to evaluate the effect of harvest date on this response.
Although Özbingöl and O'Reilly (2005) showed that soaking acorns that previously had been dried back increased post-storage germination in laboratory tests, no information is available on the potential effect of this treatment on seedling emergence and plant growth in the nursery. A second objective of this study was to evaluate in the nursery the effect of soaking acorns prior to freezing storage (compared to the standard method) on germination and the growth and quality of plants derived from these acorns.
MATERIALS AND METHODS

Seed material
Two separate experiments, a laboratory (experiment 1) and a field experiment (experiment 2), were conducted using seedlots supplied by Coillte Seed Centre (Co. Carlow, Ireland) (Tab. I). In experiment 1, the acorns were harvested from a seed stand in Charleville, Co. Offaly on two separate occasions in mid and late October 2006. The acorns were harvested specifically for this experiment and were delivered to University College Dublin (UCD) in a 'fresh' state (MC 46-48%) about 24 h after harvesting. In experiment 2, one seedlot originating in the Netherlands was used each year (Tab. I). The acorns were handled, processed and stored following standard operational procedures; this involved drying them back to about 40-42% MC. The date of harvesting is not known, but the acorns arrived at the Seed Centre in early November each year. The acorns were treated and then stored at -3
• C at Ballintemple Nursery, Co. Carlow (see below).
Experiment 1: Seed treatment and storage effects on laboratory germination
Soaking, drying and storage treatments
The effects of drying and soaking treatments on percentage germination and mean germination time (MGT) after 0 and 6 months storage were assessed. The acorns were held at -3
• C at UCD until the treatments commenced.
The following treatment combinations were applied:
( Unless otherwise stated, acorns were held at 3 • C until all treatments had been completed. The acorns were soaked for 5 days in cold water (3 water:1 seeds; vol:vol) at 3
• C. The water was changed once daily during this period. The results of previous experiments have shown that this period is sufficient to fully imbibe acorns (Özbingöl and O'Reilly, 2005) . After soaking, the acorns were placed on plastic trays and surface dried with paper towels. The MC of the acorns was determined, based on four samples of five acorns (each cut into four pieces), after drying them at 105
• C for 24 h. The MC of the freshly harvested acorns at the end of the soaking period was 46-48%, similar to their initial MC. Other acorns (that were not soaked) were dried back to approximately 40-42% MC (standard method used operationally) over an 18-h period at room temperature (20) (21) (22) • C) in the laboratory. After treatment, all acorns were placed in plastic bags (30.5 × 46.5 cm, 500 Gauge, The Packaging Centre, Naas Road, Dublin 22, Ireland) that had been manually perforated (approximately one perforation per 2 cm 2 ) and then stored at -3 • C (approx -2.5
• C at centre of storage bags). The MC was tested after storage and was approximately the same as the initial MC.
Germination tests
Each treatment combination was represented by four replications of 25 seeds each. The seeds were placed on cotton wool moistened with distilled water in rectangular plastic germination boxes (17 × 10.5 × 6 cm) (Hofstatter & Ebbesen A/S, Espergaerde, Denmark). The boxes were placed in incubators (CMC germination cabinet, 400l, D/L, Glesborg, Denmark) at 15
• C with 8 h of lighting per day. The number of seeds that germinated (radicle > 1 cm long) was recorded twice weekly for 60 days. Acorns that had not germinated during the 60-day period were placed on trays of moist peat at room temperature (20-22
• C) and allowed to germinate for another 30 days. However, few acorns germinated during the additional test period. MGT was calculated as the mean number of days for acorns to germinate during the 60-day incubation period (Jones and Gosling, 1994) . For example, for seeds evaluated on days 0, 4 and 9, the MGT formula would be: ((number counted day 0 × 0) + (number counted day 4 × (0 + 4/2)) + (number counted day 9 × (4 + 9/2))).
Experiment 2: seedling emergence and growth in nursery
Site, treatments, experimental design and sowing
The effect of two different seed pretreatments on seedling emergence and subsequent seedling growth was evaluated. The response of acorns that received the standard (acorns dried to < 42% MC before arrival at nursery) treatment versus those that were given the drying and soaking treatment combination (acorn MC 46-48%) (the same as the DS treatment, experiment 1) was studied. The acorns were treated in November, a few days after their arrival at the nursery. Acorns of both treatment groups were stored in bags (as in experiment 1) at -3
• C at the nursery until the time of sowing the following year.
The experiment was carried out at Coillte Nursery, Ballintemple, Co. Carlow, Ireland (52
• 44' N, 6' W, 100 m a. s. l.). The soil in the nursery is a sandy loam (pH 5.5) with an organic matter content of 6-8% and silt, sand and clay fractions of 66, 19 and 15%, respectively.
The 2005 experiment was a randomised split-plot design. Two adjacent seed beds (main plots) were randomly assigned for sowing in March or April. Each main plot was divided into four blocks, each block containing one 6-m sub-plot of each seed treatment. In 2006, the acorns were sown in three beds (blocks), each bed containing three 2-m plots (replications) of each seed treatment. The treatments were randomly assigned to plots within each block each year.
Since the DS acorns had higher germination in the laboratory tests, they were sown at lower rates than the standard (dried) ones with the objective of achieving similar plant densities in all plots. In 2005, the acorns were sown at 1 kg m −2 , which is equivalent to about 256 acorns per m 2 for the dried (standard) acorns and 226 for the DS acorns. Since the acorns were sown by machine in 2005, there was some variability in the actual numbers sown per m 2 . Therefore in 2006, the acorns were hand-sown at exactly 200 per m 2 for the standard-treated acorns and 175 per m 2 for the DS acorns, which was equivalent to approx. 0.840 kg m −2 in both treatments. Similar to the machine method used in 2005, the seeds were sown in lines and covered with about 4 cm of soil. Soon after sowing, nylon mesh nets were erected over the beds, supported by wire hoops, to protect the seeds from predation.
Observations and measurements
Four 1-m long sampling points, approximately 0.5 m apart from each other, excluding the first and last 0.5 m, were located in each sub-plot in 2005. The total number of seedlings was recorded in November at each location. The results of previous experiments in oak (data on file) showed that the number of seedlings counted at the end of the growing season (including any dead plants) was almost identical to seedling emergence values determined in the spring after germination had ceased. The total number of plants per sampling point and the height and root collar diameter of 10 plants at the centre of the bed at each sampling location were determined. Some seedlings were also dispatched to UCD for further study. Five plants from each side of the centre of the second and fourth sampling points in each sub-plot were lifted and dispatched. The height and diameter of each seedling was measured, after which the root and shoot was excised at the root collar. The shoots and roots were dried separately at 105
• C for 24 h. The approach used in 2006 was similar to 2005, but more data were collected. The number of seedlings that had emerged was counted at weekly intervals from 17th June until emergence had ceased, in late July. Since a large proportion of the plants had emerged by the first date, speed of emergence was determined based upon these values. The number of plants that had emerged in a plot was expressed as a percentage of total emergence in that plot. Treatment differences in total germination do not affect germination speed using this approach. Final emergence was also calculated, based upon the total number of seedlings counted, as a percentage of the number of acorns sown per plot. The morphological characteristics of the seedlings were assessed in November 2006. The number of seedlings per plot and the diameter and height of 20 seedlings in the centre of the plot were determined. The proportion of seedlings that exceeded 20 cm height (lower than current nursery benchmark of 40 cm) was calculated from these data. The same 20 seedlings were lifted in March 2007 and then dispatched to UCD to assess dry weights using the same protocols described above for 2005.
In to that used in previous sampling to assess root growth potential (RGP). RGP, which is the ability of seedlings to initiate new roots in a favourable growing environment, is an important plant quality attribute (Ritchie, 1984) . The lifted seedlings were bulked by treatment and block, for a total of six bundles (two treatments × three blocks) and then dispatched to UCD. The seedlings were planted in 3.5 L pots (replicates) containing a mixture (3:1; vol:vol) of peat and perlite. Each of the 30 pots per treatment contained three seedlings, one seedling from each nursery block. The seedlings were allowed to grow for six weeks in an unheated greenhouse (temperature approx. 15-20
• C during the day, 8-10
• C at night) and were watered every four or five days. At the end of the test, the seedlings were removed from the pots and the roots washed in tap water. The number of new white roots greater than 1 cm long was counted.
Data analyses
The laboratory data were analysed according to a full factorial ANOVA design to test for the effects of harvest date, storage duration, soaking, drying and their interactions on percentage germination per box and MGT using the GLM procedure in SAS (SAS Inc, 1989) . All effects in the model were considered fixed. Percentage data were transformed to arc-sine square root values. Means were compared further using least significant means tests.
The 2005 nursery data were analysed according to a randomised block, split-plot ANOVA design to test for the effects of block, sowing date, treatment and the interaction between sowing date and treatment on emergence and seedling morphology. Sowing date effects were tested using the interaction of sowing date by treatment as an error term. Although the acorns were sown by weight only in 2005, these values were converted to percentages based on the number of acorns per kg (determined before sowing so that they reflected the effect of seed MC on number per kg in each treatment group). This adjustment was done to facilitate comparison of data between years. Since small hand-sown plots were used in 2006, the actual number of acorns sown per plot was recorded and the data were analysed according to a fully randomised ANOVA block design to test for the effects of block and treatment on emergence, speed of emergence and morphology. A t-test was used to test for treatment effects on RGP.
RESULTS
Experiment 1: Seed treatment and storage effects on laboratory germination
Germination
Soaking significantly increased percentage germination (Tab. II). The main effect of drying on germination was small, but it had a large effect in combination with other treatments. Storage significantly reduced germination, but the magnitude of this response varied with treatment. The main effect of harvest date was not significant, but it was significant in combination with soaking and storage treatments. The acorns that had been harvested on the second date, which were dried and soaked, had the highest germination (ca. 80%) both before and after storage (Fig. 1) .
For the acorns that were not stored, soaking increased germination to 79% compared with 71% for the untreated controls for acorns harvested on the first date, and to 77% compared to 70% for the controls for those harvested on the second date.
The effect of drying was largest for the stored acorns (Fig. 1) . After storage for example, acorns harvested on first date that had been dried (74%) or dried and soaked (75%) had higher germination than the controls (69%). The equivalent values for acorns harvested on the second date were 68%, 80% and 71% for the dried, the dried and soaked and the controls, respectively.
Although the non-stored acorns had a higher germination than those stored for six months, the effect of storage varied greatly with the drying and soaking treatment. Germination after storage of acorns harvested on the first date decreased significantly from 79% to 69% for those that were soaked but not dried (Fig. 1) . However, storage had no significant effect on the germination of acorns that were dried and soaked before storage. 
MGT
The soaked acorns germinated significantly faster than those given other treatments. Storage, harvest date and the interactions of these treatments with soaking also significantly affected MGT (Tab. II). In contrast, drying significantly delayed germination, but subsequent soaking reduced MGT, reversing the effect of previous drying.
After harvesting on the first date, the soaked acorns and those that were soaked after drying germinated faster (both 15 days) than the controls (19 days) and the acorns that were dried only (21 days) (Fig. 1) . The trend was the same in the acorns harvested on the second date, although the soaked acorns germinated quicker (11 days) than those that were soaked after drying (14 days).
Acorns germinated significantly slower after six months storage, but the effect varied with pretreatment applied before storage. The effect of storage was significant for the acorns that had been soaked before storage. Acorns harvested on the second date germinated significantly faster after storage than those harvested on the first date. The effect of soaking on poststorage MGT was the same as that described for the non-stored acorns, but treatment differences were smaller.
Experiment 2: seedling emergence and growth in nursery
The effect of seed pretreatment on seedling emergence was almost identical each year (Tab. III). The acorns that had been dried and soaked resulted in 86% (2005) or 87% (2006) emergence compared with 71% (both years) for those given the standard treatment (acorns dried for storage). As expected, drying and soaking had no significant effect on seedling density since acorns given the latter treatment were sown at lower rates than those given the standard treatment.
Root collar diameter was significantly increased from 4.07 mm in the seedlings derived from standard-treated acorns to 4.25 mm in those derived from the DS acorns, but plant height was not affected significantly (Tab. III). In 2006, the proportion of plants with heights greater than 20 cm was significantly increased from 69% in those derived from standardtreated acorns to 86% in those derived from the DS acorns. In addition, the seedlings derived from the DS acorns had greater dry weights (2.03 g vs. 1.66 g) and had higher RGP (27 vs. 18 new roots) than those derived from the standard-treated acorns. 
DISCUSSION
Laboratory experiment
The results of this study showed that soaking improved both germination percentage and germination speed in both the non-dried acorns (that had a high initial MC of 46-48%) and those that were dried back (40-42% MC) before soaking. Özbingöl and O'Reilly (2005) reported similar results, but they were unable to establish whether soaking or the increase in seed MC elicited this response. In this study, freshly harvested acorns that had a high initial MC were soaked, but this had no effect on their MC. Therefore, the beneficial effect of soaking on germination was probably through a softening of the pericarp and/or a leaching of substances that inhibit germination, rather than through a MC-mediated response. Water can leach inhibitors, such as ABA, from seeds (Black, 1992) . A reduction in ABA levels is thought to increase cell wall extensibility (Finch-Savage et al., 1992) thus allowing radicle emergence. The increase in turgor pressure caused by imbibing weakens tissues, causing cell wall relaxation, facilitating this process (Schopfer and Plachy, 1985) . This suggests that soaking helps to overcome mechanical dormancy in oak acorns. The beneficial effect of the soaking treatment was maintained during the 6 months of storage at -3
• C. Another potential barrier to germination is lack of sufficient water within the acorn (Pammenter and Berjak, 1997) . Newly shed recalcitrant seeds are metabolically active and undergo germinative processes that require water. Thus, acorns with high MC, regardless of how this was achieved, would have had more water available immediately for germination to proceed. Other studies have shown that acorn MC during storage affected germination after storage (Gosling, 1989; Finch-Savage et al., 1992; Suszka et al., 1996) . Suszka (Suszka et al., 1996) found that pedunculate oak seeds had higher germination after 100 days storage at 44% MC than those held at MC levels from 23 to 37%.
Harvest date significantly affected both germination percentage and MGT, but the effect was most pronounced in combination with drying and soaking. This suggests that the level of maturity influenced the response. There was a small harvest date difference in acorn MC (mean of 48% and 46% for acorns harvested on the first and second dates, respectively). Immature acorns are green but turn brown as they ripen (FinchSavage et al., 1996) . The pericarps of the acorns harvested on the first date were partly green whereas those harvested on the second date were entirely brown. Acorns collected on the second date also germinated more quickly than those collected on the first date (Fig. 1) , probably because they were more mature. Changes associated with the maturation process during seed development, such as a decrease in the MC of the cotyledons and an increase in starch content (Finch-Savage et al., 1992) may have influenced germination after harvesting. Acorns become more tolerant to desiccation stress during this period (Finch-Savage et al., 1992) . In addition, ABA concentrations are highest in immature acorns, with levels declining as the acorns mature; germination potential usually increases during this period (Finch-Savage and Clay, 1994) . Acorn ABA levels were not evaluated in this study, however.
Drying appeared to have little effect on the germination of the non-stored acorns, but improved germination of acorns that had been stored. However, drying alone was effective in improving the storability of acorns harvested on the first date, but the effect was evident only in combination with soaking for acorns harvested on second date. In addition, drying reduced germination speed, except when followed by soaking. Since the acorns were dried to 40-42% MC (a MC level which does not cause damage (Suszka and Tylkowski, 1980) ), it is likely that the lower availability of water probably delayed germination after storage. Furthermore, water may have been able to penetrate the pericarp more readily after drying. This may also explain why the combined effect of drying and soaking was generally more effective than either treatment applied alone. However, mild desiccation stress may result in an increase in ABA concentrations; this can delay germination on subsequent imbibition (Finch-Savage, 1992) .
Soaking improved post-storage germination in this study, but this method may be less effective in improving storability for longer than 6 months. In fact these treatments (or treatment combinations) might reduce long-term storability since acorns stored at high MC are more prone to fungal infection and it has been shown that mycelium of Ciboria batschiana can grow even at -3 • C (Shroeder, 2002) . The effect of long-term (> 6 months) storage on germination was not evaluated in this study.
The results of this study also showed that soaking acorns before storage improved germination and this advantage was maintained during storage for those that were dried and then soaked. Unfortunately, there was not a sufficient quantity of acorns available in this study to evaluate the benefit of soaking after storage (due to the malfunction of one freezer). However, 509p6 Acorn drying and soaking pretreatments Ann. For. Sci. 65 (2008) 509 the results of a separate experiment, using two other lots, revealed that acorns that had been dried for storage and then soaked after storage had similar germination to those that had been dried and soaked for storage (unpublished data on file).
Nursery experiment
The acorns that were dried and then soaked before storage resulted in significantly better emergence in the nursery than those that had been dried back only (standard method), consistent with the results from the laboratory experiments in this (Fig. 1) and an earlier (Özbingöl and O'Reilly, 2005) study. Therefore, fewer treated acorns are needed to achieve the same density of plants using the DS treatment than the standard one. There was evidence that the DS treatment also improved plant quality and yields.
A higher proportion of the seedlings resulting from acorns given the DS treatment exceeded 20 cm height, suggesting that the yield of usable plants might also be higher than in seedlings derived from the standard-treated ones. Oak is normally grown for two years to > 40 cm height in Irish nurseries (Joyce, 1998) . It is likely that a higher proportion of the seedlings in the beds sown with the DS-treated acorns will have reached this target in 2007 than in those sown with the standard treatment, but this was not evaluated.
The root collar diameter and the RGP of seedlings derived from the DS-treated acorns were significantly greater than those given the standard treatment. Root collar diameter may be the best and most consistent morphological indicator of hardwood seedling field performance potential (Wilson and Jacobs, 2006) . RGP may be the most useful indicator of plant vitality (Ritchie, 1984) . RGP was positively correlated with field growth and survival in seedlings of holm oak (Quercus ilex L.) (Pardos et al., 2003) , sessile oak (Quercus petrea Matt.) (Mortazavi et al., 2004) and with the survival of pedunculate oak after cold storage (Lindqvist and Asp, 2002 ). It appears that soaking of acorns prior to freezing storage could potentially increase the yield and quality of oak seedlings in the nursery.
CONCLUSIONS
The main finding of this study is that both drying and soaking acorns increases germination percentage and speed both before and after storage at -3
• C. Harvest date in October had a small effect on this outcome, although acorns that were harvested on the second date performed better in response to drying, soaking and storage treatments than those harvested on the first date.
The second experiment in the nursery showed that acorns that were dried and soaked before storage resulted in higher and faster seedling emergence than acorns that were given the standard treatment (dried before storage). A high proportion of the seedlings were taller than 20 cm and the seedling yield and RGP was higher for plants lifted from plots that were sown with dried and soaked acorns than in those sown with standardtreated acorns.
